High-speed railways require high quality track maintenance. As the deflection and displacement of consecutive structures act as the track irregularity to excite the vibration system of trains, they must be restrained to ensure smooth running and comfortable rides of trains.
When designing a railway structure, girder deflection is normally restrained to ensure good train running quality. The research on this design started at the construction of the Tokaido Shinkansen line 1) 2) . Matsuura determined the deflection limits of structures for the speed-up to 260km/h from the viewpoint of wheel load reduction rate and carbody acceleration. He used a half-vehicle model and regarding girders as deflection shapes with a limited number of half-sinusoidal waves. These results provided a theoretical background for the current design standards 3) . In recent years, however, more accurate design method has been demanded due to the variety of vehicle types, train speed-up, the spread of low rigidity PRC girders, the diversification of structures, such as those of the cable-stayed type, and widening of span lengths.
Furthermore, with except of a few model vehicle tests, most of the previous studies have been conducted by numerical. Therefore, some verifications using full scale test vehicles were necessary to determine new deflection limits.
With this background in mind, dominant parameters were clarified first through the results of numerical analysis, as detailed in Chapter 2. Next, this approach was examined by using a rolling stock test plant and vehicle response was also measured on revenue lines, these being described in Chapters 3 and 4, respectively. Based on these results, deflection limits of structures for train speed-up was proposed in Chapter 5.
This study was discussed in "the Committee on Displacement Limits for Structures Considering Train Running Quality" (chairman: Takashi NISHIOKA, professor emeritus at the University of Tsukuba) that was established in 2001 under the supervision of the Ministry of Land, Infrastructure and Transportation, and was adopted as a part of the final draft in 2003. Figure 1 shows the schematics of vehicle model (with 31 degrees of freedom) . The vehicle is modeled as a 3-dimensional vibration system where a carbody, two truck frames and four wheelsets are connected by springs and dampers. Table 1 shows major input data of the vehicle model used in this study. Four different types of models were adopted in the analysis to take into account the Shinkansen vehicles. Type-A represents the initial type Shinkansen cars or double-deckers, and has similar input data to those in the previous study models. Types 
into operation.
Structure model
The structure is modeled by both half-sinusoidal model and dynamic interaction models. Figure 2 shows the half-sinusoidal model. In this model, girders were modeled as a locus of the wheelsets. At the both ends of the girder, transition sections were set up as shown in Eq. (1) to take into account the continuous deformation shape of rails due to changes of angle.
where, L c is the half length of the total transition section; θ is the change of angle at the end of the girder; x is the distance from the starting point of the transition section;
β is the relative bending rigidity of the rails and pads derived from Eq. (2). (2) where, k is the spring constant of the rail pad and EI is the rigidity of the rails. The dynamic interaction between vehicle and structure is not taken into account in this model. In the case of multiple spans, the locus is used repeatedly.
In the dynamic interaction model, the girders are modeled as simple supported beams using FEM beam elements. The data to be input for girders are determined by referring to recent design profiles. For instance, the unit weight is approximately 200kN/m for a 25m girder and 300kN/m for a 50m girder. In these cases, the weight ratio between the vehicle and the girder is approximately 1.12-1.15. In this model, the dynamic interaction between the vehicle and the structure is taken into account.
Numerical analysis method
The analysis was performed by using the dynamic interaction analysis program Dynamic Interaction Analysis for Shinkansen Train and Railway Structures (DIASTARS). In DIASTARS, equations of motions of a train and structures are solved in the modal coordinates for each time increment ∆t by the Newmark time difference scheme. Since the equations are nonlinear, iterative calculations are necessary during each time increment until the unbalanced force between the train and 
Half-sinusoidal wave Between the wheel and rail, a constitutive equation of a Hertzian contact spring based on both relative displacements is used in the vertical direction and a constitutive equation of a creeping force based on both relative speed and wheel flange pressure used in the horizontal direction and yaw.
In this study, however, only the response of vertical direction was highlighted.
Running quality criteria
Train running quality is assessed by the running safety and riding comfort. Only the vertical deflection of girder is assessed in this study. Therefore, running safety was evaluated using the wheel load reduction rate. To evaluate the riding comfort, Janeway's riding quality coefficient was used as the criteria 8) . Carbody acceleration of directly above the front and rear trucks was used to evaluate the riding comfort.
2.2 Investigation using the half-sinusoidal wave model 2.2 Investigation using the half-sinusoidal wave model 2.2 Investigation using the half-sinusoidal wave model 2.2 Investigation using the half-sinusoidal wave model 2.2 Investigation using the half-sinusoidal wave model From the standpoints of calculation time and practicality, the influence of the various parameters shown in Table 2 was examined by using the half-sinusoidal wave model first. Representative analysis results are shown below. Figure 4 shows the influence of train speed on the running quality. The amount of deflection was set at L b / 2000 in this study. Figure 4 shows that train speed it can be seen that train speed greatly affects the running quality and train response at 300km/h is 1.5 to 2.0 times that at 210km/h. Figure 5 shows the influence of vehicle type on the running quality. The analysis in the previous section is conducted on the assumption that the deflection shape is the half-sinusoidal, although the girder itself is not vibrating. In this section, its validity is checked by using the dynamic interaction model. Figure 6 shows the influence of dynamic interaction on the riding comfort. Since the influence on the wheel load reduction rate is small, only the results of riding comfort is shown. Figure 6 shows the results derived from a comparison between two cases where the girder was modeled as a non-vibrating half-sinusoidal wave with one vehicle (half-sinusoidal wave model), and where 10 gird- From Figs. 6(a) and 6(b) , it can be seen the response of the dynamic interaction model increases 1.3-1.4 times that in the half-sinusoidal wave model, depending on train speed. This increased response is generated when girders are resonated 5) . The variance of vehicle responses of 16 cars was caused by the increase of girder deflection due to repeated loading by 16 cars. In other words, the leading vehicle of the train is not affected by resonance amplification as it has a smaller response value than the following vehicles, and the response value of the latter half of the train is larger. Figure 7 outlines the test plant and test method. The test plant has four wheel-shaped rails, on which wheelsets can be mounted. Vibrating these wheel-shaped rails, each of which can also be controlled individually, can simulate vehicle running on girders. Therefore, running tests can be conducted as if vehicles are running on deflection girders. In this study, 29 running tests were conducted to simulate the half-sinusoidal model shown in Fig. 2 by setting the girder span length at between 20 to 80m, the number of spans from 1 to 5, and train speed at between 100 to 300km/h. In the test, the carbody acceleration of vehicles was measured directly above the front and rear trucks. T  T T  T Table able able  able able 3  3 Figure 8 compares the tested and analyzed frequency response characteristics. It shows the plotted responses against five half-sinusoidal waves. It also shows that the eigen frequency in the vertical direction of the vehicle is around 1.5Hz. There are discrepancies between the measured and analyzed values in the vibrating region over 3Hz, where the test plant cannot vibrate sufficiently, but in other regions they were generally in agreement. Figure 9 shows the response wave of carbody acceleration, when the train speed is 300km/h; span lengths In the response wave, there are discrepancies between the measured and analyzed values of carbody acceleration for the first span in each case. This is the because actuators used to vibrate the vehicle cannot fully reproduce the rapid amplitude increases in the higher frequency region. Therefore, the amplitude input for the first span tends to be a half that of other spans. Except for this, the time-series wave profiles of carbody acceleration are in good agreement with each other. The response waves of carbody acceleration showed almost the same behavior as that of the forced vibration where the span set to be the same as the vibrating cycle. Figure 10 shows the influence of train speed on carbody acceleration. On the horizontal axis, excitation frequencies calculated from train speed and span length were also plotted. The values of carbody acceleration, measured and analyzed, are converted into the deflection values at L b /4000. Discrepancies between the measured and analyzed values were shown in the high-speed region, when the span length is 20m. As previously mentioned, this is because the vibration actuators for vibration cannot reproduce an accurate deflection shape in the frequency regions above 3Hz. A peak in the response to the eigen frequency of vehicle can clearly be observed when the span length is 40m. When the span length is 60m or 80m, the response tended to rapidly increase as train speed increased.
Response wave of carbody acceleration

Maximum carbody acceleration
Only the case where there are five spans is described here. However, the same tendency is seen in the case where there is only one span. In this chapter, the response of actual vehicles on railway structures in operation is studied. Generally, actual structure deflections are smaller than designed values. Moreover, cambers are introduced for the tracks on structures in track maintenance work to counterbalance the girder deflections. Therefore, the running quality on actual structures is maintained at a higher level than that shown in the numerical analysis in Chapter 2 and the tests on the test plant in Chapter 3.
In order to determine the appropriate deflection limits, it is necessary to measure a number of items and clarify their actual status, such as the amount of girder deflection, track conditions (including the sections ahead and behind the structure), and running condition and response values of the vehicle. However, it is difficult to collect these values accurately by measurement.
Therefore, this study focused on the relationship between the amount of girder deflection and carbody acceleration and conducted an examination, although in a limited scope. Table 3 lists the 17 structures measured and examined by comparing the girder deflections and carbody accelerations. The carbody accelerations were measured directly above the front truck of the head vehicle of the train. Figure 11 shows the maximum carbody acceleration on structures S-1 to S-17, as shown in Table 3 . Carbody accelerations were measured at 210 km/h with a Type-A vehicle and at 260 km/h with Type-D vehicle. They were measured on both up and down train lines. The following three cases are calculated and compared with the measurements. ① Case-A: Vehicle is set at a P-16 design load and the girder is set at designed rigidity. ② Case-B: Vehicle is set at a Type-D actual train model and the girder is set at designed rigidity. ③ Case-C: Vehicle is set at a Type-D actual train model and the girder is set at measured rigidity (estimated from actual girder deflection). The influence of track irregularity is included in the measured values of carbody acceleration in Fig. 11 , but not in the analyzed values. Therefore, it is not appropriate to compare these two values in the strict sense. Nevertheless, some important characteristics can be obtained by examining the measured values.
It is the most important to note there is a certain amount of differences in the results between Case-A analysis and measurements. The reasons for the difference are that the actual train load (Type-D) is lighter than the P-16 design load (comparison of Case-A and Case-B analysis) and the actual girder rigidity is higher than that of the design, mainly because the influence on the rigidity of track and non-structural elements are not considered in design (comparison of Case-B and Case-C analysis).
The peak-to-peak maximum amplitudes of carbody acceleration are approximately 1.5m/s 2 or less on all structures. It is found that measured acceleration tended to Based on the previous numerical analyses and actual running tests, deflection limits of structures were proposed for train speed-up.
Design deflection limit values were determined based on the analysis that modeled the girder deflection as a half-sinusoidal wave. It was shown in the previous chapter that the dynamic interaction model gives some severer results at resonance, though it is judged that the abovementioned values are good enough for design from the measurement and practicality viewpoints.
The running quality is checked using running safety and riding comfort criteria independently, as specified in accordance with the format of performance design method format. Table 4 shows the limit values of girder deflection determined to ensure running safety (for multiple spans).
From the viewpoint of safety, the train load used to evaluate running safety was set at the maximum capacity loading and was evaluated by double-track loading. The limit values for running safety were decided by a wheel load reduction rate of 0.37. This reduction rate was based on a limit value of derailment coefficient limit value of 0.80, which includes the influence of curves and track irregularities as the conditions for evaluation for double tracks 10) . Table 5 shows the limit value of girder deflection determined to ensure riding comfort (for multiple spans). The train load used to evaluate riding comfort could be determined according to service conditions in relation to the performance level. Evaluation is also possible by using a single-track loading. The limit value for riding comfort was decided from Janeway's riding quality coefficient of 1.5. In this case, however, the upper limit of acceleration was determined to be 2.0m/s 2 10) .
6. Conclusions 6. Conclusions 6. Conclusions 6. Conclusions 6. Conclusions
Deflection limits of structures were studied through numerical analyses and actual running tests. The findings obtained from this study are as follows: (1) Train speed greatly influences train running quality.
The vehicle response at 300 km/h increases to approximately 1.5 to 2.0 times that at 210 km/h, and the response of a certain vehicle type is approximately 1.5 to 2.0 times that of others. (2) For the deflection limits using a half-sinusoidal wave model, examination using a rolling stock test plant was conducted. The results of the analysis were in good agreement with the test results. (3) Response accelerations on actual structures was in the 1.5 m/s 2 range for the maximum vibration amplitude. Because the actual girder rigidity was higher than designed one, it was evident that the response values remain small and in good conditions in comparison with the designed values.
